Theoretical analysis of the interference effects of several supersonic tunnel walls capable of absorbing the shock caused by the nose of a model by Matthews, C. W.
L 3 el 
4- 
3 3 
I r 
-&I- -~~~~~ ~ ~ ~ ~ q p 4 - F ~ ~  I; 
I RESEARCH MEMORANDUM 
I 
THEORETICAL ANALYSB O F  THE INTERFERENCE EFFECTS O F  
d, SEVERAL SUPERSONIC-TUNNEL WALLS CAPABLE O F  
I ABSORBING THE SHOCK CAUSED BY 
I' ++ 
THE NOSE O F  A MODEL 
1 
D By Clarence W. Matthews 
NATIONAL ADVISORY COMMITTEE I I 
FOR AERONAUTICS 
WASHI NGTOM 
https://ntrs.nasa.gov/search.jsp?R=19710067347 2020-03-23T13:57:04+00:00Z
NACA RM L58B21 
NATIONAL ADVISORY COMMIWEE FOR AERONAUTICS 
RESEARCH MEMORANDUM 
THEORETICAL ANALYSIS OF THE INTERFERENCE EFFECTS OF 
SEVERAL SUPERSONIC-TLTNNEL WALLS CAPABLE OF 
ABSORBING THE SHOCK CAUSED BY 
TKE NOSE OF A MODEL 
By Clarence W.  Matthews 
A t heo re t i c a l  analys is  was made of t h e  supersonic flow about two- 
dimensional and three-dimensional a x i a l l y  symmetric models r e s t r i c t e d  
by t heo re t i c a l  walls  capable of removing t h e  nose shock. Walls which 
obeyed a nonreflecting condition were found t o  be not necessar i ly  non- 
in terfer ing;  severe in terference might occur i f  t h e  w a l l  d id  not t i e  
t he  flow t o  a f r ee - f i e ld  or  free-stream condition. The noninterfering 
condition was found t o  be more s t r ingen t  than t h e  nonreflecting condition 
and a l so  was found t o  be p r ac t i c a l l y  unattainable i n  any tunnel.  A r e l a -  
t i o n  between t h e  pressure difference across t h e  w a l l  and t he  flow through 
t he  w a l l  was used t o  determine t h e  e f f e c t s  of porous walls .  Even though 
t h e  porous walls  removed t h e  e f f e c t s  of t he  i n i t i a l  shock, they generally 
produced other r a the r  severe in terference e f f ec t s .  A comparison of some 
theo re t i c a l  r e s u l t s  of t h i s  paper with experimental r e s u l t s  of a s imilar  
study suggested t h a t  t he  th ick  boundary layer  which r e s u l t s  from inflow 
through t he  wal l  has a very strong influence on t h e  e f fec t ive  porosi ty  
of t h e  tunnel.  
INTRODUCTION 
Wind-tunnel in terference at  Mach numbers only a l i t t l e  g rea te r  than 
uni ty  may be both severe and d i f f i c u l t  t o  correct .  Such interference i s  
most evident as a r e f l ec t i on  of the  bow wave s t r i k ing  t he  t e s t  model. 
The re f lec ted  disturbance may be observed by t he  schl ieren method o r  by 
measurements of t h e  pressure wave at t he  surface of t h e  model. Other 
types of in terference not so e a s i l y  observed a r e  not ,  however, precluded. 
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With t he  minimization or  elimination of the  subsonic blockage i n t e r -  
ference by means of p a r t l y  open and p a r t l y  closed walls  ( r e f s .  1 and 2 ) ,  
t he  idea  occurred of t ry ing  t o  solve t he  in terference problem i n  t he  
supersonic p a r t  of t he  transonic Mach number range. The f i r s t  attempts 
were di rected,  not without some success ( r e f s .  3 and 4) , toward preven- 
t i o n  of t he  bow-wave r e f l ec t i on  responsible f o r  t he  most evident i n t e r -  
ference e f f e c t .  Indeed, it was sometimes supposed t ha t  a "nonreflecting" 
w a l l ,  or a wal l  t h a t  would not r e f l e c t  t he  bow wave, would eliminate t he  
in terference.  More ca re fu l  consideration indicated the  p o s s i b i l i t y  of 
other types of in terference due not t o  r e f l ec t i on  of disturbances from 
the  model, but  t o  a f a i l u r e  of t he  bounded wind-tunnel stream t o  repre- 
sent  t h e  cons t ra in t s  imposed by i n f i n i t e  flow t o  which t h e  wind-tunnel 
r e s u l t s  must be applied.  
Some e f f e c t s  of t he  boundmy layer  on t he  operation of "shock 
absorbing" walls  were very soon apparent ( r e f s .  3, 5 ,  6, 7, and 8), and 
t he  general  complexity of t he  problem had t o  be faced when an attempt 
was made t o  design a p r a c t i c a l  wind tunnel with minimum interference i n  
t he  supersonic range ( see  r e f .  5 ) .  
The present repor t  i s  concerned with t he  general nature of the  
supersonic in terference.  These problems a r e  investigated by comparing 
flow f i e l d s  about a model enclosed between appropriate walls  with the  
i n f i n i t e l y  extended flow about t he  same model. The calcula t ions  were 
made by means of t he  cha rac t e r i s t i c s  method. (see  r e f .  9.) This method 
of invest igat ion i s  f o r  t heo re t i c a l  purposes preferable  t o  wind-tunnel 
t e s t i n g  i n  t h a t  it permits more freedom i n  choice of wal l  boundary con- 
d i t i ons  and el iminates t he  obscuring e f f ec t  of t he  boundary layer .  A 
qua l i t a t i ve  est imation of t he  e f f e c t s  of t he  boundary layer  i s  made by 
comparing t he  r e s u l t s  of t h i s  study with t h e  r e s u l t s  of a s imilar  experi- 
mental study presented i n  references 5 ,  6, and 8. 
SYMBOLS 
drag coef f ic ien t  of model i n  tunnel 
&rag coef f ic ien t  of model i n  f r ee  f i e l d  
pressure coef f ic ien t  
pipe or hole diameter 
t o t a l  pressure 
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kn defined i n  equation (6) 
P 
Subscripts: 
porosity factor ,  l /kl  
porosity factor  t o  remove shock 
number of tubes per wit wall area 
Mach number 
volume r a t e  of discharge 
thickness of wall 
velocity 
coordinate axes 
r a t i o  of open wall area t o  t o t a l  wall area 
viscosity of a i r  
flow angle 
density 
location of points i n  character is t ic  system 
properties of flow through a hole i n  the wall 
l oca l  
reference 
immediately downstream of the nose shock 
x component a t  point (x,y) 
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0,1,2, . . . n summation indices 
00 free-stream 
THEORY OF WALLS CAPABLE OF ABSORBING BOW SHOCKS 
Supersonic Wind-Tunnel Boundaries 
The use of t he  cha rac t e r i s t i c  system t o  calcula te  t h e  flow f i e l d  
about a model when t h e  flow f i e l d  i s  res t ra ined  by a wall  requires  only 
t h a t  a  r e l a t i o n  be given between t he  l o c a l  veloci ty  V and t h e  flow 
angle 8 a t  t he  wal l  and t h a t  t h e  locat ion of t he  w a l l  be given. From 
a  t heo re t i c a l  viewpoint, both  conditions can be qui te  general  and need 
not represent any p r a c t i c a l  w a l l .  With t h i s  viewpoint i n  mind, it i s  
poss ible  t o  design a wall which w i l l  f u l f i l l  some pa r t i cu l a r  condition 
such a s  t h e  absorption of a shock wave, t h e  nonreflection of a l l  d i s -  
turbances, t h e  simulation of an ideal ized porous o r  perforated wall,  or  
any other property t h e  designer chooses. 
The ac tua l  mechanics of t he  computation of a flow f i e l d ,  once t he  
boundary function of V and 0 i s  known, involves t he  simultaneous 
solut ion of t h e  equation locat ing t h e  cha rac t e r i s t i c  l i n e  which i n t e r -  
s ec t s  the  wal l  with t h e  equation locat ing t he  tunnel  w a l l ,  and a  s imilar  
simultaneous solut ion of the  function giving V and 8 (see  r e f .  9) 
along the  cha rac t e r i s t i c  l i n e  with t he  w a l l  boundary function of V 
and 0 .  
Conditions f o r  Removal of a Nose Shock 
In  order t o  reduce t o  zero t he  disturbance s e t  up a t  the  in te r sec-  
t i o n  of the  nose shock and tunnel  wall,  it i s  necessary t h a t  t he  ve loc i ty  
and flow d i rec t ions  immediately following t he  shock be exact ly  t he  same 
as found i n  t he  f r e e  f i e l d ,  which i s  defined i n  t h i s  repor t  t o  be the  
flow f i e l d  which e x i s t s  when t he  model i s  immersed i n  an i n f i n i t e  f i e l d .  
If t h i s  condition i s  not met, then e i t h e r  an expansion wave or a shock 
w i l l  o r ig ina te  a t  t he  in te r sec t ion  of t he  nose shock and tunnel  wal l .  
The i n t ens i t y  of t h i s  disturbance i s  determined by t he  deviation of t he  
ac tua l  condition from t h e  f ree - f ie ld  condition. Thus, i f  t he  w a l l  i s  
t o  el iminate t h e  r e f l ec t i on  of t he  shock, it i s  necessary t h a t  t h e  
F(V,  9) which. represents  t h e  w a l l  be exactly s a t i s f i e d  by t he  values 
of V, and B s  j us t  downstream of t he  shock. Such a  w a l l  can be sa id  
t o  be nomefleet ing i n  t h a t  it does not send a  disturbance from the  
in te r sec t ion  o:? t h e  nose shock and tunnel w a l l  back t o  t h e  model. 
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Nonreflecting Walls 
A nonreflecting wall is sometimes loosely defined as a wall that 
will not show any disturbance in the field arising from the disturbances 
due to the model. This definition does not yield a unique mathema.tica1 
relation which can be used in conjunction with the characteristic equa- 
tions to calculate flow fields. 
A definition of a "nonreflecting" wall can be ascertained from 
examination of the obvious two-dimensional nonreflecting field in which 
no disturbances are returned to the flow field from the wall. (see 
fig. 1.) The effects of this wall (or of any other wall) on the flow 
field can be simulated by replacing the wall with an exterior hypothet- 
ical flow field. In the two-dimensional case previously mentioned, the 
effect of the nonreflecting wall is represented by a hypothetical exte- 
rior flow field behind a planar shock. The planar shock must be an 
extension of the bow shock beyond the wall and must have properties 
identical to those of the bow shock at the wall. An example of a 
reflecting wall is the closed-tunnel case, which may be simulated by 
restraining the interior flow field with a field of infinite velocity 
and zero flow angle. 
Both these examples show several interesting features of non- 
reflecting walls. It is observed that for the nonreflecting case the 
disturbances from the model are lost to infinity along the extended 
lower characteristic lines and hence are not returned to the model 
(fig. 1) , and that no discoctinuity in V or in 8 appeaxs at the 
wall location. On the other hand, in the reflecting case, the distub- 
ances are returned to the stream and discontinuities in V and 8 
exist across the wall. Thus, it appears reasonable to assume that a 
wall is nonreflecting if no discontinuities in either V cr El occur 
along the lower family of characteristics in the hypothetical flow field 
at the position of the wall. 
This definition does not result in a single unique expression for 
a nonreflecting wall because the condition of continuity of V and 6 
at the wall does not determine the derivatives of V and 8 at the 
wall. Thxs the flow field outside the hypothetical wall is not unique, 
and as a result many nonreflecting walls exist mathematically. The 
existence of many nonreflecting walls indicates a strong possibility 
that some of these walls can create severe disturbances, and so the 
conclusion must be drawn that nonreflecting walls are not necessarily 
noninterfering walls. 
The three-dimensional nonreflecting wall, like the two-dirnensional 
one, may be simulated by an infinite number of hypothetical exterior 
fields. I n  order t o  study and compare the magnitudes of the interference 
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e f f e c t s  of various nonreflecting walls ,  th ree  nonreflecting three-  
dimensional wal ls  were s e t  up f o r  calcula t ion.  I n  t he  f i r s t  case a 
conical-shock flow f i e l d  w a s  used t o  simulate t h e  w a l l ,  j us t  a s  t he  
planar shock was used i n  t he  two-dimensional example. The second case, 
ca l l ed  a constant V,8 f i e l d ,  was based on t he  assumption t h a t  t he  
veloci ty  and flow angles were held constant along each cha rac t e r i s t i c  
l i n e  t o  t he  f i r s t  point  of t he  computed network outside t he  tunnel.  
Continuity of V and 8 i s  assured by def in i t ion  so t h a t  t h i s  wal l  i s  
nonreflecting.  I n  t he  t h i r d  case V and 8 and t he  f i r s t  der ivat ives  
of V and 8 along t he  cha rac t e r i s t i c  l i n e  were assumed t o  be contin- 
uous at  t h e  wal l .  This w a l l  a l so  s a t i s f i e s  t h e  nonreflective condition. 
A l l  these  walls  a re  mathematical concepts developed t o  show t h a t  a 
nonreflecting wal l  i s  not necessar i ly  a noninterfering w a l l  and t h a t  by 
ac tua l  demonstration nonreflecting wal ls  can cause serious in terference.  
Since these  wal ls  a r e  mathematical and cannot be experimentally s e t  up 
without p r i o r  knowledge of t he  f r e e  f i e l d ,  it becomes necessary t o  con- 
s ider  wall  boundary conditions which do not generally obey t he  nonreflec- 
t i v e  def in i t ion  but do approximate experimental wal ls  t h a t  a r e  capable 
of absorbing t he  i n i t i a l  shock even though they may r e f l e c t  other 
disturbances. 
Porous and Perforated Walls 
The porous wall,  f o r  which t h e  flow through t he  wal l  i s  assumed t o  
be proportional  t o  t he  pressure di f ference across t h e  w a l l ,  i s  non- 
r e f l ec t i ng  at  ce r t a in  points  where t he  free-stream veloci ty ,  flow angle, 
and porosi ty  obey a spec i f ic  re la t ionsh ip .  An extension of t h e  porous 
wal l  which i s  a l so  nonreflecting a t  c e r t a in  po in t s  i s  an ideal ized perfo- 
ra ted  w a l l ,  f o r  which t he  mass flow through t h e  wal l  i s  assumed t o  be 
proportional  t o  t h e  square root  of t he  pressure difference across t h e  
wall .  I n  e i t he r  case, t he  points  of nonreflection may be chosen t o  
eliminate the  serious re f lec t ions ,  such a s  those due t o  t h e  i n i t i a l  
shock, 
It might be supposed t h a t  by elimination of t he  r e f l ec t i on  of t he  
primary shock, t he  remaining p a r t  of t he  in terference could a l s o  be 
reduced t o  such an extent  t h a t  t he  wal ls  would be p r ac t i c a l l y  noninter- 
fer ing.  The r e s u l t s  of experiments given i n  references 5 and 6 have 
shown, however, t h a t  shock-absorbing porous wal ls  w i l l  r e f l e c t  d is turb-  
ances other than the  bow shock and w i l l ,  i n  general,  produce interference.  
I n  order t o  study t heo re t i c a l l y  t he  nature of t he  in terference of such 
walls ,  it i s  necessary t o  express t h e  wal l  boundary conditions as fune- 
t i ons  of veloci ty  and flow angle. 
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The function of V and 8 which expresses the influence of the 
porous wall on the stream is derived in the following manner. First, 
in order to obtain the ratio between the pressure across the wall and 
the flow through the wall, it is necessary to know the pressure at the 
wall in terms of the velocity. If Vx is the x-component of the local 
velocity at a point in the flow field and V, is the reference, or free- 
stream, velocity, the linearized pressure coefficient may be expressed by 
If VL is the total local velocity at the point x, then V, = VL cos 02. 
On the assumption that O L  is small, Vx = VL and thus the pressure 
coefficient at the wall may be approximated with 
The pressure outside the wall for the porous or perforated case is 
assumed to be equal to free-stream pressure, and so the difference in 
pressure coefficient across the wall is equal to the pressure coefficient 
as given by equation (2) . The normal component of the velocity at the 
wall is VL sin O L  or, if sin is approximated with 02, it becomes 
VLO Thus, the relation between V and 8 at the wall becomes, for 
the porous wall, 
where kl' is a factor that contains the constant of proportionality, 
the stream dynamic pressure, and the local density. Equation (3) may be 
rewritten as 
The perforated wall is obtained from equation (4) by substituting 
k2vL2eL2 for klVLOL, thus making the pressure across the wall propor- 
tionalto the square of the velocity through the wall and allowing den- 
sity and other factors to be absorbed in the constant k2. Then 
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The addi t ion of equations (4) and (5) r e s u l t s  i n  t he  r e l a t i o n  between 
V and 8 f o r  another t heo re t i c a l l y  possible wal l  and suggests t h a t  
the  following power s e r i e s  may be used f o r  the  general  case i n  which 
the  pressure difference i s  a function of t he  ve loc i ty  through t he  wall: 
Theoretically,  equation (6) and t h e  equation f o r  t h e  veloci ty  along a  
cha rac t e r i s t i c  l i n e  can be solved a s  simultaneous equations, but  obtaining 
such solut ions  fo r  values of n  l a rger  than 2 i s  d i f f i c u l t .  
Equation (6) presents  an i n t e r e s t i ng  p o s s i b i l i t y  i n  t h a t  it does not 
require  t h a t  be zero when t he  l o c a l  wal l  pressure i s  equal t o  f ree -  
stream pressure, a s  i s  t he  case f o r  equations (4) and ( 5 ) .  A study of 
the  porosi ty  curves of slanted-hole walls  presented i n  reference 8 shows 
t h a t  equation (6)  i s  t o  be preferred,  especia l ly  i f  the  constants kg 
and kl a r e  used and i f  t he  spec i f ica t ion  i s  made t h a t  t h e  constants 
kg and kl be allowed two d i f f e r en t  values depending on whether t h e  
l o c a l  pressure at t h e  wal l  i s  l e s s  than or  g rea te r  than free-stream 
pressure.  
It may be observed t h a t  equation (6) contains no requirement t h a t  
the  veloci ty  and flow angle of t he  hypothetical  flow f i e l d  which would 
represent t he  wall  be continuous along the  cha rac t e r i s t i c  l i n e  at  t he  
wal l  locat ion.  Thus, porous or  other s imilar  p a r t i a l l y  open wal ls  
designed i n  accordance with equation (6) must t o  some degree r e f l e c t  
disturbances due t o  t h e  model with the  exception of those at  ce r t a in  
design points  such a s  t he  nose shock or  other se lected points .  
Noninterfering Walls 
Since the  nonreflecting w a l l  condition w a s  found t o  be insuf f ic ien t  
t o  insure a  noninterfering w a l l  condition, it i s  apparent t h a t  t h e  non- 
in te r fe r ing  wal l  must meet more s t r ingen t  requirements. A tunnel  i s  t o  
be defined a s  noninterfering i f  t h e  proper t ies  of the  flow along t he  
model i n  the  tunnel  a r e  i den t i ca l  t o  those of t he  flow along t h e  model 
i n  t he  f r e e  f i e l d .  This condition w i l l  be s a t i s f i e d  if t he  flow i n  t h e  
par t  of the  cha rac t e r i s t i c  quadrangle between t h e  wal l  and t he  model i s  
t he  same f o r  the  tunnel a s  f o r  t he  f r ee - f i e ld  condition ( see  uniqueness 
theorem, r e f .  10) .  A necessary and su f f i c i en t  condition f o r  t he  equiva- 
lence of the  two flows i s  t h a t  t h e  d i s t r ibu t ions  of veloci ty  and flow 
angles along the  wal l  be i den t i ca l .  This condition i s  far more s t r ingen t  
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than t h e  nonreflecting condition and f o r  a l l  p r a c t i c a l  cases requires  
t h a t  a w a l l  be designed with p r io r  knowledge of t h e  f r ee - f i e ld  flow. 
An example of such requirements i n  w a l l  design may be seen by 
assuming a var iable  porosi ty  along t h e  length  of a porous w a l l ,  so t h a t  
t he  parameter kl of equation (4) becomes kl(-r), where T i s  a va r i -  
able  along t he  w a l l .  Since f o r  t h e  noninterfering condition V and 8 
a re  unique along t he  wal l  l i ne ,  kl(-r) i s  a l so  uniquely determined along 
t h a t  l i n e .  The porosi ty  d i s t r i bu t i on  i s  determined by t h e  f r e e  f i e l d  
about t he  model and i s  d i f f e r en t  f o r  every d i f f e r en t  model. Since t h e  
porosi ty  d i s t r i bu t i on  i s  d i f f e r en t  f o r  each t e s t  condition, it would 
then seem t h a t  t h e  problems involved i n  t h e  design of a general ly  non- 
i n t e r f e r i ng  w a l l  would be almost insurmountable. 
A corol lary  t o  t he  discussion of t h e  porous-wall example i s  t h a t  
t h e  porosi ty  required t o  absorb a shock i s  unique f o r  each shock and 
must be determined from t h e  proper t ies  of t h e  pa r t i cu l a r  shock t o  be 
absorbed. Thus, it must be poss ible  t o  vary t h e  porosi ty  of t he  wal l  
i f  t he  e f f e c t s  of a var ie ty  of shocks a r e  t o  be removed. 
Approximate Relation Between Porosity Factor k l  and 
Percentage of Opening p of a Porous W a l l  
I n  order t o  simplify t he  r e l a t i o n  between k l  and p, t he  assump- 
t i o n  may be made t h a t  t he  w a l l  cons i s t s  of a la rge  number of small tubes, 
t h a t  t h e  flow through each tube i s  uninfluenced by t h e  flow through i t s  
neighboring tube, and t h a t  t he  flow through each tube obeys t he  Hagen- 
Po iseu i l l e  l a w .  This l a w  ( r e f .  11) s t a t e s  t h a t  t h e  volume r a t e  of d i s -  
charge through a tube i s  given by 
where p i s  the  viscosi ty ,  t i s  t he  thickness of t h e  w a l l  o r  length  
of t he  tube through t he  w a l l ,  4 i s  t h e  pressure across t he  tube, and 
D i s  t he  diameter of t he  tube. I n  order f o r  t h i s  l a w  t o  be va l i d  t h e  
Reynolds number of t h e  tube pvhD/p must be l e s s  than 2,000, p being 
t he  density of t he  f l u id ,  and Vh t he  ve loc i ty  through t h e  tube. 
I n  applying t h i s  equation t o  a tunnel  w a l l ,  it i s  necessary t o  know 
the  pressure di f ference 4 across t h e  tunnel  w a l l .  The pressure coef- 
f i c i e n t  on t he  ins ide  of t he  w a l l  i s  given by equation ( 2 ) :  
" 
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Now assume s t a t i c  or  free-stream pressure on the  ex te r io r  of t he  tunnel.  
Then, since Cp i s  equal t o  the  l o c a l  pressure l e s s  t he  s t a t i c  pressure, 
divided by q, 4 i s  given by 
The subs t i tu t ion  of equation (8) i n to  equation (7) gives 
Now assume t h a t  m tubes ex i s t  per  un i t  w a l l  a rea .  Since t he  normal 
component must flow through t he  wal l  t he  r a t e  of discharge w i l l  be 
V2 s i n  O 2  times t h e  un i t  area,  or with t he  approximation assumed, the  
r a t e  of discharge i s  expressed a s  V 2 e L .  Then 
Also, t he  t o t a l  tube a rea  i n  a un i t  a rea  i s  equal t o  r t m ~ ~ / 4  or, i f  t he  
r a t i o  of open t o  t o t a l  area  i s  ca l l ed  p ,  it may be expressed a s  
The subs t i tu t ion  of equation (9) i n to  equation (10) gives 
and subst,itution of equation (11) in to  equation (12) gives 
The porosi ty  coeff ic ient  kl has been defined i n  equation (4) a s  
The use of equation (4) i n  equation (13) g ives  t h e  r e l a t i o n  between k l  
and (3 a s  
The Reynolds number of t he  flow through t he  tube must be l e s s  than 
2,000, o r  
The maximum value f o r  Vh i s  given i n  reference 12 as 
On subs t i tu t ion  of equation (8) f o r  Cy?, 
However, t he  average value of vh, equal t o  vhJmaX/2, i s  t o  be used f o r  
the  Reynolds number ca lcula t ion.  Thus 
This condition must be met i f  t he  wa l l  i s  t o  be considered as porous. 
If it i s  not met, t he  dynamic e f f e c t s  of t he  flow enter ing and leaving 
the  w a l l  w i l l  cause t he  wal l  t o  a c t  more l i k e  a perfora ted w a l l  than a 
porous wal l .  
A demonstration of the  s i z e  and number of holes required f o r  a t yp i -  
c a l  tunnel  operating condition i s  given i n  t he  following calcula t ions .  
Assumed values a r e  a s  follows: 
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b ~ ,  s1ugs/ft-sec . . . . . . . . . . . . . . . . . . . . . . .  4 x 1 0 - I  
p,, slugs/cu f t  . . . . . . . . . . . . . . . . . . . . . . .  0.002 
V, f t / s e c  . . . . . . . . . . . . . . . . . . . . . . . . .  1,200 
Sub st i t u t i n g  these  values i n to  expression ( 18) gives 
D < o .000763 foot 
So, assume 
D = 0.0005 foo t  
If kl i s  assumed t o  be equal t o  4.0, equation (14) gives f o r  0 t he  
value 
(3 = 0.1111, or  11.1 percent open ( 1-91 
and equation (11) gives f o r  m t he  value 565,800 holes per square foot ,  
which i s  equivalent t o  a spacing of 0.016 inch between centers,  with a 
hole diameter of 0.006 inch. 
A study of equation (14) shows t h a t  with a f ixed  wal l  - t h a t  i s ,  
with p, t, and D f ixed - t he  p o s s i b i l i t y  e x i s t s  of varying t he  poros- 
i t y  fac tor  kl by adjust ing e i t h e r  t h e  ve loc i ty  or  t h e  densi ty  of t he  
f r e e  stream. However, not much var ia t ion  i n  ve loc i ty  i s  poss ible  because 
f o r  a given free-stream Mach number t he  veloci ty  va r i e s  as the  square 
root  of t h e  temperature. 
Approximate Relation Between Perforat ion Factor k2 and 
Percentage of wening of a Perforated Wall 
A perforated w a l l ,  f o r  which t h e  pressure across t h e  w a l l  i s  propor- 
t i o n a l t o  t h e  dynamic pressure of t h e  flow through t he  w a l l ,  may a l so  be 
used t o  cancel t h e  e f f e c t s  of a shock. I n  order t o  calcula te  t he  perfo- 
r a t i on  f ac to r  k2 required t o  cancel t he  shock, it i s  necessary t o  make 
t h e  simplifying assumptions t h a t  t he  ve loc i ty  through each hole obeys 
Bernoul l i ' s  law and t h a t  each hole a c t s  independently of t h e  other holes.  
No a s s u p t i o n  need be made concerning t he  s i ze  of number of the  holes; 
however, i f  t he  flow i n  t h e  tunnel i s  t o  be reasonably smooth, t he  
dim-etai- of t he  holes should be very small compared with tunnel  dimensions. 
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Upon the  assumption t h a t  the  flow through a perforated wal l  obeys 
Bernoul l i ' s  equation, t he  ve loc i ty  through any hole may be expressed a s  
where 4 i s  t he  pressure di f ference across t he  wal l .  
It has been shown t h a t  i f  the  pressure outs ide  t he  wal l  i s  f r e e -  
stream pressure,  4 i s  given by equation (8) : 
Thus, upon subs t i tu t ion  of equation (8) i n t o  equa+,ion ( 2 0 ) ~  
I f  t he  densi ty  i n  t he  hole i s  assumed t o  be equal t o  free-stream density,  
Then, the  volume r a t e  of flow through a hole of diameter D i s  
and, s ince  t he  volume r a t e  of flow through m holes per un i t  a rea  must 
be equal t o  VIO1, 
m ~ 2  Now p = - , m d  k2 i s  defined f o r  a perfora ted wal l  as 
4 
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The use of equation (24) i n  equation (23) r e s u l t s  i n  
Consider, ins tead of k2, a new nondimensional constant 
Use of t h i s  constant i n  equation (23) gives 
Equation (27) shows t h a t  t he  perforat ion f ac to r  K2 of a perforated 
tunnel i s  determined by t he  r a t i o  of open a rea  t o  t o t a l  a rea  and i s  not 
dependent on tunnel veloci ty  or  densi ty .  
Porosity Conditions Required f o r  Removing Shocks 
It has already been noted t h a t  t he  r e f l ec t i on  of a nose shock can 
be prevented if the  w a l l  condition s a t i s f i e s  exactly t he  in terference-  
f r e e  f low-field condition immediately behind t h e  shock. This condition 
can be calculated f o r  e i t h e r  a porous wal l  (eq. ( 4 ) )  or  a perforated 
wall (eq.  (24) ) by using t he  values of V, V l ,  and 82 from a s e t  of 
t ab l e s  which give t he  proper t ies  of the  flow through a shock (see r e f .  9 ) .  
I n  using t he  t ab l e s  of reference 9, it i s  convenient t o  convert t h e  Mach 
number values of t he  t ab l e s  i n to  r a t i o s  of veloci ty  t o  l imi t ing  ve loc i ty  
and use these  r a t i o s  i n  equations (4) and (24) .  
A s e t  of values of k l  were thus calculated f o r  t h e  shocks at f r e e -  
stream Mach numbers of 1.1, 1.2 ,  1.3,  and 1.4. The r e s u l t s  of these  ca l -  
cula t ions  a re  shown i n  f igure  2 ( a ) ,  where f o r  convenience i n  p lo t t ing ,  
the  reciprocal  Kl of kl i s  p lo t ted  against  t he  turning angle down- 
stream of t he  shock. 
I n  order t o  obtain a rough approximation of t he  percentage of 
opening @ required t o  remove t he  shock, p was calculated from equa- 
t i o n  (14) f o r  a transonic tunnel operating with a t o t a l  pressure of 
1 atmosphere and a t o t a l  temperature of 130° F. The w a l l  was assumed 
t o  be 1 inch th ick  and the  tubes through t he  wall  0.0132 inch i n  diameter. 
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The r e s u l t s  of these  calcula t ions  a r e  presented i n  f i gu re  2 (b ) ,  i n  which 
t he  values of p t h a t  w i l l  absorb a shock a t  a  given Mach number a r e  
p lo t t ed  agains t  t he  turning angle due t o  t he  shock. This f igure ,  as 
wel l  as f igure  2 ( a ) ,  shows primari ly t h a t  a var ia t ion  of 2 : l  i s  required 
i n  porosi ty  r a t i o  K1 or  percentage of tunnel  opening p t o  remove 
weak shocks a t  a given free-stream Mach number. The f igure  a l s o  shows 
t h a t  normal or  near normal shocks require  almost a closed tunnel  f o r  
absorption.  
It has already been shown t h a t  the  wal l  porosi ty  can vary with tun- 
n e l  densi ty .  It i s  poss ible  t o  show t h e  extent  of t h i s  variat ion.  by 
applying equation (14) t o  a tunnel  with a f ixed  percentage of opening 
i n  t he  wal ls  and opera.ting at a constant t o t a l  temperature. The r e s u l t s  
of such a var ia t ion  a r e  b e t t e r  seen i n  equation (14) i f  it i s  rewri t ten  
by use of K1, t h e  rec ip roca l  of kl, f o r  kl. Thus, 
It i s  seen t h a t  K1 va r ies  d i r e c t l y  with t he  densi ty  and, therefore ,  
with the  pressure.  A p l o t  of t he  t o t a l  pressure required f o r  shock 
cancel la t ion i n  a 25-percent-open tunnel  operating at  a t o t a l  tempera- 
t u r e  of 130' F i s  presented i n  f i gu re  2(c)  . Since t he  pressure i n  a 
pressure tunnel  can usual ly  be varied over a range of pressure r a t i o s  
of 4 : l  t o  8:1, these  r e s u l t s  ind ica te  t h a t  a p o s s i b i l i t y  of a t  l e a s t  
p a r t i a l l y  absorbing t he  shock e x i s t s  f o r  a f a i r  range of Mach numbers. 
Since a perfora ted wal l  can a l s o  s a t i s f y  t h e  values of V and 8 
jus t  behind a shock, t he  values of required f o r  shock cancel la t ion 
f o r  a perfora ted wal l  were calcula ted by using equations (26) and (27) 
and were p lo t t ed  agains t  t he  turning angle due t o  t h e  shock. The p l o t  
i s  presented i n  f igure  3. Analysis of t he  curves of f igures  2 and 3 
shows several  d i f ferences  between t he  values of p t h a t  w i l l  remove a 
shock on a porous wal l  and t h e  values t h a t  w i l l  remove t h e  s m e  shock 
on a perfora ted wall .  While t he  percentage of opening can, with proper 
se lec t ion  of tunnel  operating conditions, be chosen t o  have about t he  
sane range, the  shapes of t he  curves a r e  much d i f f e r en t .  The broad 
maximum shown i n  the  curves of f igure  3 ind ica tes  t h a t  f o r  a f ixed Mach 
number one value of K2 o r  p w i l l  absorb o r  nearly absorb a f a i r  
range of shocks. A s  t h i s  value i s  near maximum turning angle, t he  per-  
fora ted w a l l  might be preferred i n  t he  two-dimensional tunnel  where t he  
turning angles may be f a i r l y  l a rge .  
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PROCEDURE 
The methods used i n  presenting t he  theory of various wal ls  capable 
of canceling the  e f f e c t s  of shock do not r e s u l t  i n  equations which 
represent t he  interference.  The in terference was therefore  determined 
by calcula t ing the  flow f i e l d  about a number of tunnel  model configura- 
t ions  which represent t he  various walls  studied and comparing these  flow 
f i e l d s  with t h e  corresponding f r e e  f i e l d .  The flow f i e l d s  were calcu- 
l a t ed  by applying the  characteristic-network methods of reference 9 t o  
a two-dimensional, symmetrical, almost parabolic, 10-percent - thick a i r -  
f o i l ,  with chord equal t o  20 inches and t he  upper surface given by 
a t  a Mach number of 1.4, and t o  a three-dimensional cone-cylinder model 
having a 17.5' nose cone on a 0.49000-inch-diameter cylinder a t  a Mach 
number of 1.194. A11 the  two-dimensional f i e l d s  were manually calculated.  
The f r e e  f i e l d  f o r  t he  three-dimensional ax i a l l y  symmetric cone-cylinder 
was manually computed f o r  a previous invest igat ion.  The r e s t r i c t e d  cone- 
cylinder f i e l d s  were a l l  calculated i n  t he  Be l l  Telephone Laboratories 
X-66744 re lay  computer at  t he  Langley Laboratory. The port ion of t h e  
f r e e  f i e l d  which was t o  be compared with t he  r e s t r i c t e d  f i e l d s  w a s  r eca l -  
culated i n  t he  Be l l  computer i n  order t o  el iminate any e r ro r s  t h a t  might 
have occurred i n  t h a t  region of t he  flow f i e l d .  
The two-dimensional flow f i e l d s  t h a t  were calculated are :  t he  f r e e  
f i e l d ,  a porous wall  t h a t  absorbed t he  shock, a porous w a l l  with a value 
of K1 1 .5  times t h a t  necessary t o  absorb t he  shock, a perforated w a l l  
t h a t  absorbed t he  shock, and a nonreflecting f i e l d  which consisted of a 
Prandtl-Meyer expansion over the  por t ion of the  a i r f o i l  af fected by the  
wal l .  All t he  walls  were located 4.13962 inches from the  center l i ne ,  
giving a blockage of 24.16 percent.  
The three-dimensional flow f i e l d s  t h a t  were calculated are :  t he  
f r ee  f i e l d ,  a porous wal l  t h a t  absorbed t h e  shock, a nonreflecting wal l  
with a conical  shock extending t o  i n f i n i t y  from the  point  of in te r sec t ion  
of t he  shock and wall,  a nonreflecting wal l  with constant V and 8 
jus t  outside the  wal l  location,  a nonreflecting w a l l  with a l i n e a r  var ia-  
t i on  of V and 8 across t h e  w a l l  location,  a porous w a l l  with a poros- 
i t y  1 . 5  times t h a t  necessary t o  absorb t he  shock, and a d i f f e r e n t i a l  
porous wal l  with a K1 value of 0.5438 f o r  outflow at t h e  wal l  and a 
K1 value of 0.2000 f o r  inflow at the  w a l l .  Two three-dimensional flow 
f i e l d s  were calculated t h a t  were r e s t r i c t e d  by walls  having porosi ty  
curves suggested by t h e  nature of t he  experimental porosi ty  curves of 
a w a l l  with 600 slanted holes given i n  reference 8. 
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All the three-dimensional wall conditions were calculated for a 
field consisting of a 0.49-inch-radius model inserted in a tunnel of 
3.508-inch radius, to give a blockage of 1.796 percent. Additional 
fields were included for the shock-removing porous wall, in which the 
tunnel radius was 4.991 inches and 6.205 inches and gave blockages of 
0.88 and 0.57, respectively. 
RESULTS AND DISCUSSION 
Supersonic-Tunnel Interference Due to Nonreflecting Walls 
Two-dimensional nonreflecting walls.- The two-dimensional flow 
field about the parabolic airfoil restricted by the nonreflecting wall, 
discussed in the section entitled "Nonreflecting Walls," may be easily 
calculated if it is remembered that no disturbance due to the planar 
shock can occur on the model. The flow is therefore a Prandtl-Meyer 
expansion downstream of the first point on the model influenced by the 
wall. 
The pressure-coefficient distribution due to this expansion, as 
well as the free-field pressure distribution, is presented in figure 4. 
The difference between the model pressure-coefficient distribution 
restricted by the planar shock wall and the free-field pressure coeffi- 
cient is so small that the differences cannot be detected in the curves 
of figure 4. These differences are of the order of 0.3 percent of the 
free-field velocity and are indicative of the degree of disturbance that 
is due to the curvature of the shock in a two-dimensional flow field 
containing z thin sharp-nosed model. 
Free-field characteristic network.- The characteristic network of 
the free field for the cone-cylinder model is given in figure 5 to show 
the nature of the three-dimensional field being studied. It may be 
observed that an expansion fan comes off the corner and that the result- 
ant overexpansion must be compressed back to stream pressure by a shock 
wave in the field. The shock in this field was not computed. Its exist- 
ence is evidenced, though, by the crossing over of the characteristic 
lines. It is believed that this condition will approximate the shock 
closely enough to allow the resultant interference phenomena to be 
approximated. This net can also be used to determine the points of 
origin on the wall of the interferences which occur on the model. 
Three-dimensional nonreflecting flow fields.- The pressure distri- 
butions on the surface of the cone-cylinder model located in a flow field 
restricted by the three-dimensional walls previously given as examples 
of nonreflecting walls are presented in figure 6. 
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Of the three fields investigated, the flow field restrained by the 
conical-shock wall shows the least interference. The low interference 
properties are due to the fact that the conical-shock field sets up 
exterior disturbances which approximate the free-field disturbances. 
This flow field corresponds to the two-dimensional flow field with a 
planar shock and so may be considered the three-dimensional equivalent 
of a Prandtl-Meyer expansion. A measure of the disturbances due to the 
curvature of the shock can be seen by comparing the difference between 
the conical-shock field (in which no disturbances due to shock curvature 
occur) and the free-stream field with the corresponding difference 
between the two-dimensional planar-shock field and the two-dimensional 
free field. This comparison gives an indication of the seriousness of 
the interference problem caused by the focusing effect of three- 
dimensional tunnels. The seriousness of this effect is magnified even 
more when the observation is made that the blockage of the two-dimensional 
tunnel-model combination was 24 percent whereas the blockage of the three- 
dimensional combination was 1.96 percent. 
The second nonreflecting field, calculated by using the constant 
V,B wall, showed pressure distributions (see fig. 6) which were similar 
to those due to the conical-shock field. The pressures were, however, 
more riegative than those due to the conical-shock wall. This effect is 
believed to be due to the fact that the velocity is higher outside the 
wall because of the assumed boundary condition than it is for the 
conical-shock wall, which requires a negative velocity gradient across 
the wall in the downstream portion of the tunnel. 
The nonreflective characteristic of the constant V,8 wall may be 
noted by observing the concentration of points near the 7-inch station. 
These points arise from the continuation of the compression lines that 
intersect the wall near the ?-inch station (see fig. 5). If a shock 
were reflected, these points would show a discontinuity in the velocity 
distribu~ion; also, they would not be located in consecutively increasing 
order with respect to x on account of the crossing of the characteris- 
tic lines. This wall is therefore nonreflecting but, nevertheless, does 
disturb the free field. 
The third nonreflecting wall is the continuous-derivative V,8 
wall, for which the derivatives of V and 8 are continuous across the 
wall. Though it is nonreflecting, it shows very severe interference due 
to the nature of the wall itself. This interference seems to be caused 
by an accumulation of the extrapolation errors of the linear variation 
of V and 8 across the wall. Since the operation of such a wall is 
independent of any outside influence of the free-stream flow field, such 
as might, in the case of a porous wall, be provided by the condition of 
stream pressure outside the wall, the errors remain unchecked and accumu- 
late downstream. 
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This w a l l  shows t h e  same nonref lec t iv i ty  pa t t e rn  as w a s  observed 
f o r  t h e  constant V,8 w a l l ,  a s  evidenced by t he  cont inui ty  of t he  
c lu s t e r  of po in t s  near t he  7-inch s ta t ion .  
Features of flow f i e l d s  res t ra ined  by nonreflecting wal ls . -  The 
r e s u l t s  of t h e  study of nonreflecting wal ls  ind ica te  several  i n t e r e s t i ng  
fea tures .  The concept of a nonreflecting w a l l  w a s  shown t o  be expressed 
by a general  theorem which permitted many w a l l s  t o  s a t i s f y  t h e  de f in i t i on  
of nonref lect iv i ty .  It was shown i n  t he  r e s u l t s  t h a t  t h e  degree of i n t e r -  
ference from such wal ls  was highly var iable  and t h a t  a nonreflecting w a l l  
was not necessar i ly  a noninterfering wall .  A more s t r ingen t  de f in i t i on  
than nonreflection theory i s  required of a supersonic-tunnel w a l l  i f  t he  
wal l  i s  t o  have negl igibly  low interference proper t ies .  
It was a l so  observed t h a t  t he  in terference of t h e  w a l l  was dependent 
on t he  degree t o  which t h e  w a l l  or,  r a ther ,  t h e  ex t e r i o r  f i e l d  which sim- 
ulated t he  w a l l ,  approximated f r ee - f i e ld  conditions. For example, t h e  
planar-shock wall  or  t he  conical-shock wall ,  both of which were good 
approximations t o  t he  f r ee - f i e ld  conditions i n  t h a t  only t h e  e f f e c t s  of 
shock curvature were deleted,  were very good w a l l s  with, comparatively 
speaking, l i t t l e  in terference.  I n  contras t  t o  t h i s  condition, t h e  
continuous-derivative V,8 w a l l  which eliminated a l l  outside dis turb-  
ances as wel l  a s  being nonreflecting proved t o  be so severely i n t e r f e r i ng  
t h a t  the  flow became subsonic downstream. The severe in terference w a s  
believed t o  be r e l a t ed  t o  t he  f a c t  t h a t  t h e  w a l l  eliminated a l l  poss ib i l -  
i t y  of control  from any outside disturbance which approximated t he  f r ee -  
f i e l d  condition. The p o s s i b i l i t y  of causing divergence from free-stream 
values, such a s  w a s  shown by t h e  continuous-derivative V,8 w a l l ,  l e d  
t o  t he  conclusion t h a t  t h e  de f in i t i on  of a supersonic-tunnel w a l l  should 
t i e  t he  act ion of t he  w a l l  preferably t o  a f r ee - f i e ld  condition, or  at  
l e a s t  t o  a free-stream condition. 
The porous w a l l ,  although not generally noninterfering,  does depend 
f o r  i t s  ac t ion on t he  pressure outside t he  w a l l  and t h i s  pressure may be 
controlled and s e t  at free-stream pressure.  
Supersonic-Tunnel Interference Due t o  Porous Walls 
Two-dimensional porous w a l l s . -  The pressure coef f ic ien t s  on t h e  
near-parabolic two-dimensional a i r f o i l  i n  a flow f i e l d  r e s t r i c t e d  by 
various porous walls  a r e  presented i n  f igure  4. 
Observation of the  pressure coef f ic ien t s  due t o  t he  porous w a l l  
which completely cancels t he  r e f l ec t i on  of t he  shock shows t h a t  t h i s  
w a l l  i s  res t ra in ing  t he  outflow behind t he  shock, thereby preventing 
suf f ic ien t  expansion f o r  t he  flow t o  a t t a i n  i t s  f r ee - f i e ld  values. It 
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i s  a l so  observed t h a t  at  t he  t r a i l i n g  edge t h e  wal l  i s  res t ra in ing  inflow 
and, hence, causing too  much expansion. The indicat ions  here a r e  t h a t  
a porous wal l  s e t  t o  remove a shock can cause r e s t r a i n t s  t o  t h e  flow 
which may be ser ious  and cer ta in ly  cannot be predicted with simple Mach 
number increment correction.  
A s  i s  t o  be expected, t h e  overporous w a l l  allows an expansion wave 
t o  follow t h e  shock, and thereby decreases t h e  pressure coef f ic ien t s .  
So, a lso ,  an underporous w a l l  would cause a shock and, hence, an increase 
i n  t h e  pressure coef f ic ien t s .  
It may be observed t h a t  t he  perforated w a l l  has l e s s  in terference 
than t he  porous w a l l .  This may be a fo r tu i t ous  circumstance. Calcula- 
t i o n s  of addi t ional  cases would be required t o  show whether t h e  perforated 
w a l l  i s  generally b e t t e r  than t h e  porous w a l l .  The same phenomena t h a t  
were observed f o r  t h e  porous wal l  i n  connection with too  much o r  too  
l i t t l e  porosi ty  t o  remove t he  shock may a l s o  be expected t o  ex i s t  f o r  t h e  
perforated w a l l .  
A comparison of t h e  model surface-pressure coef f ic ien t s  i n  a f i e l d  
r e s t r i c t e d  by e i t h e r  t he  porous wal l  or  t h e  perforated w a l l  with t he  
corresponding pressure coef f ic ien t s  i n  a f i e l d  r e s t r i c t e d  by an open 
tunnel  (see  f i g .  4) g ives  a concept of t h e  reduction i n  in terference t h a t  
can be a t t a ined  i n  a two-dimensional tunnel  by using porous walls .  I n  
f ac t ,  t he  in terference due t o  t he  properly designed porous w a l l  i s  so 
s m a l l  compared with t h e  in terference i n  t he  open tunnel t h a t  it may 
almost be ca l led  negl igible .  It must be noted, though, t h a t  i f  t h e  
porosi ty  i s  not of t he  correct  value t o  remove t he  shock, a serious 
in terference wave can a r i s e  from t h e  point  of in te r sec t ion  of t h e  shock 
with t he  wal l .  Thus, even though a two-dimensional tunnel  can have a 
r e l a t i v e l y  small in terference pa t te rn ,  care must be taken t o  insure  t h a t  
t he  t e s t  conditions a r e  correct  o r  e l s e  t h e  in terference may become very 
severe. 
Three-dimensional shock-removing porous wal ls . -  The porosi ty  of t h e  
shock-removing porous w a l l  f o r  three-dimensional appl icat ion w a s  deter-  
mined by subs t i tu t ing  t he  f r ee - f i e ld  values of V and 8 on the  down- 
stream s ide  of t h e  shock from the  cone-cylinder nose i n to  equation (4). 
The r e su l t an t  value w a s  then used as t h e  w a l l  porosi ty  f o r  t he  e n t i r e  
w a l l .  
A 
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comparison between t h e  pressure d i s t r i bu t i on  over t h e  cone-cylinder 
.ue t o  t h i s  w a l l  and t h e  f ree - f ie ld  pressure d i s t r i bu t i on  (see  
a ) )  shows t h a t  even though t h e  wal l  removed t he  shock, it could 
not absorb t he  compression wave which immediately follows t he  shock. 
The shock-removing porous w a l l  r e f l e c t s  t h i s  compression wave as a com- 
pression wave. The porous wal l  a l so  r e f l e c t s  t he  subsequent expansion 
wave t h a t  a r i s e s  from t h  one-cylinder as an expas ion  
wave. The shock which follows t h e  overexpansion due t o  t he  corner ( see  
f i g .  5 )  a l s o  appears on t he  model near t he  7-inch locat ion and so i s  not 
absorbed by t he  w a l l  ( see  f i g .  7 ( a ) ) .  I n  t h i s  case, a s  w a s  expected 
from t h e  t heo re t i c a l  analysis ,  t h e  constant-porosity w a l l  r e f l e c t s  d i s -  
turbances from the  model and so in terference with t he  flow f i e l d .  
The reasons why t h i s  constant-porosity wall  w a s  not noninterfering,  
and a l s o  why constant-porosity w a l l s  with constant outside pressure can- 
not i n  general  be noninterfering,  may be seen from examination of f i g -  
ure 8, which presents t h e  porosi ty  as calculated by equation (4) of t he  
various w a l l s  s tudied.  The causes of t he  various r e f l ec t i ve  in terferences  
and a rough indicat ion of t h e i r  magnitude can be observed by comparing 
t he  porosi ty  of t h e  noninterfering w a l l ,  which i s  a w a l l  with t he  porosi ty  
d i s t r i bu t i on  required f o r  zero interference,  with t he  porosi ty  of t he  
constant-porosity w a l l .  For example, t h e  compression in terference 
observed between t he  3 .?-inch and 6.25-inch s t a t i ons  (see  f i g ,  7f a) ) 
a r i s e s  because t h e  constant porosi ty  wal l  i s  l e s s  porous than the  iion- 
i n t e r f e r i ng  w a l l  i n  t he  region where 8 i s  pos i t ive  (see  f i g .  g(a)) and 
so a compression wave i s  re f lec ted .  A t  t he  point  at which t h e  flow 
d i rec t ion  becomes negative, t h e  porosi ty  of t he  noninterfering wall  
changes s ign so t h a t  the  constant-porosity w a l l  becomes too  open over a 
s m a l l  region. This too-open condition r e f l e c t s  t he  expansion of tlne f r e e  
f i e l d  a s  a compression wave. A t  t h e  end of t h i s  region ( see  f i g .  8, t he  
4.2-inch s ta t ion)  t h e  porosi ty  of t he  constant -porosity w a l l  becomes l e s s  
than t he  porosi ty  of t h e  noninterfering wal l  and so the  expansion wave 
i s  r e f l ec t ed  a s  an expansion wave. This wave i n t e r s ec t s  t he  model between 
t he  6.23-inch and t h e  7-inch s t a t i on .  This analysis  shows t h a t  che var i -  
ous in terferences  due t o  t h e  constant-porosity w a l l  can be t raced t o  t he  
differences between t he  porosi ty  d i s t r i bu t i on  of t h e  constant--porosity 
wal l  and t he  porosi ty  d i s t r i bu t i on  of t he  noninterfering wall .  It seems 
from the  r e s u l t s  of t h i s  discussion t ha t ,  i n  general, walls  with a 
constant -porosity d i s t r i bu t i on  and with constant pressure out s ide  the  
wal ls  w i l l  cause in terference with t he  flow f i e l d  about t he  model, 
Effects  of varying t h e  porosi ty . -  One flow f i e l d  was calculated 
with a porosi ty  f ac to r  K 1  t h a t  was 1.3 times t he  value necessary t o  
remove t he  shock o r  a k l  f a c to r  two-thirds t h a t  required t o  remove t he  
shock. The in terference due t o  t h i s  w a l l  may be observed i n  f igure  ?(a) . 
The observed strong i n i t i a l  expansion i s  required t o  meet t h e  w a l l  
boundary condition at  t he  shock-wall in te r sec t ion  point .  After  t h i s  
condition i s  s a t i s f i ed ,  t h e  flow shows a compression i n  t he  same region 
i n  which compression w a s  observed f o r  t he  shock-removing porous wal l ,  
This compression i s  more severe than f o r  t he  shock-removing porous w a l l  
and t h e  following expansion merely re tu rns  t he  pressure t o  the  f r ee -  
f i e l d  l eve l ,  so t h a t  no re f lec ted  shock or only a very minor one occurs. 
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If the  wall  i s  not porous enough t o  absorb t he  shock, t h e  boundary 
conditions require  t h a t  a shock wave be returned i n to  t he  f i e l d .  Since 
a r e f l ec t ed  shock grea t ly  complicates t h e  calcula t ion,  t h e  f i e l d  due t o  
a w a l l  with too low a porosi ty  t o  remove t h e  shock was not calculated.  
Interference e f f e c t s  of d i f f e r e n t i a l  porous w a l l s . -  A d i f f e r e n t i a l  
porous wall  i s  defined as a wal l  t h a t  presents d i f f e r en t  po ros i t i e s  t o  
t h e  flow f i e l d ,  depending upon some given flow cha rac t e r i s t i c  such as 
the  sign of the  pressure difference across  t h e  w a l l .  
The w a l l  chosen f o r  study w a s  recommended i n  reference 5 as being 
superior t o  t he  constant-porosity w a l l  because i t s  e f fec t ive  res i s tance  
t o  inflow can be made grea te r  i n  regions along t h e  w a l l  when t h e  pres-  
sure i s  low. A flow f i e l d  using such a w a l l  w a s  calculated i n  order t o  
obtain a comparison of t he  in terference introduced by t h i s  w a l l  with 
t h a t  due t o  t he  constant-porosity w a l l .  The porosi ty  f o r  outflow was 
chosen t o  remove t h e  shock, whereas t h a t  f o r  inflow w a s  chosen t o  be 
about t he  average value of t h e  downstream porosi ty  of t h e  noninterfering 
wall .  The r e s u l t s  of t h i s  calcula t ion a re  shown i n  f i gu re  7(a) . 
It i s  seen here t h a t  t h e  expansion wave which w a s  r e f l e c t ed  t o  t h e  
model by t h e  shock-removing porous w a l l  i s  r e f l ec t ed  much more strongly 
by t he  d i f f e r e n t i a l  w a l l .  Also, t h e  far-downstream pressure does not 
re tu rn  a s  rapidly  t o  t h e  f r ee - f i e ld  pressure.  The reason f o r  t h e  exces- 
s ive  expansion wave may be seen by comparing t he  d i f fe ren t ia l -wal l  curve 
of f igure  8 with t h e  noninterfering-wall curve. It may be observed t h a t  
t he  region i n  which t he  d i f f e r e n t i a l  porous w a l l  r e f l e c t s  t he  expansion 
wave a s  an expansion ( t h a t  is, t he  region between t h e  3.9-inch and 5.7- 
inch s t a t i ons  where t he  porosi ty  i s  l e s s  than t h a t  of t h e  noninterfering 
wall) i s  l a rge r  than t he  corresponding region f o r  t h e  constant-porosity 
w a l l .  Therefore, it may be expected t h a t  a greater  r e f l ec t ed  expansion 
wave w i l l  occur. The or ig in  of t h i s  expansion may be seen by examining 
f igures  g(a) and 10(a) between t he  4-inch and ?-inch s ta t ions .  These 
f igures  show t h a t  t h e  d i f f e r e n t i a l  w a l l  ser iously  r e s t r i c t s  t h e  inflow 
( f i g .  g ( a ) )  thereby causing a negative pressure peak ( f i g .  10(a ) )  which 
creates  t h e  strong expansion wave t h a t  appears on t h e  model. 
I n  view of t he  f a c t  t h a t ,  contrary t o  t he  r e s u l t s  of reference 6, 
t he  differential-porous w a l l  r e su l ted  i n  g rea te r  in terference than the  
constant-porosity w a l l ,  t h e  porosi ty  curves of reference 6 were examined 
t o  see whether other phenomena were present which might account f o r  t h e  
small in terference reported.  The p l o t  of pressure across t h e  w a l l  as 
a function of flow through t h e  w a l l  f o r  t he  be s t  w a l l  reported i n  r e f e r -  
ence 6, t h e  6-percent-open w a l l  with 60' s lanted holes, showed t h a t  t h i s  
w a l l  was capable of sus ta ining an outflow against  r negative pressure 
gradient .  This condition r e s u l t s  i n  a negative porosi ty  value which may 
a l s o  be observed t o  ex i s t  f o r  t h e  noninterfering w a l l .  It w a s  believed 
t ha t  t h e  simulation of t h i s  condition i n  a t heo re t i c a l  wal l  might reduce 
the  in terference due t o  t he  w a l l .  
A reasonable simulation of the  s l an t  -hole d i f f e r en t  ial-porous w a l l  
of reference 6 can be a t t a ined  by using equation (6) summed over n = 0 
and n = 1 t o  represent t he  w a l l ,  provided the  values of ko and k l  
a r e  allowed t o  have d i f f e r en t  values depending upon t h e  sign of t he  pres-  
sure di f ference across t he  w a l l .  The wal l  boundary condition (eq.  (6) ) 
thus becomes 
Two walls  meeting t h e  above conditions were s e t  up. One of them 
theo re t i c a l l y  matched t he  noninterfering wal l  a t  th ree  points :  (1) the  
in te r sec t ion  of t he  shock with t he  w a l l ,  (2) the  point  on t he  wall where 
t he  pressure gradient  i s  zero, and (3) t he  point  on t he  wal l  where t h e  
flow angle i s  zero. The other wal l  ( t h e  experimentally approximated wall) 
matched t he  noninterfering wal l  at  only one point ,  t he  in te r sec t ion  of' 
t he  shock with the  wall,  a necessary d i s t o r t i on  of t he  experimental curve 
of reference 6 t o  avoid r e f l ec t ed  shock phenomena. Two other points  of 
t h i s  wal l  were chosen t o  match t he  experimental values given i n  f i g -  
ure 6 ( f )  of reference 8. The po in t s  chosen were t h e  value of 8 where 
V, - VL = 0, and the  value of Vm - V2 where 8 = 0.  The r e su l t an t  
values of kg and kl f o r  t he  t heo re t i c a l  matched case were 
ko = 0.01262 and kl = 2.69479 f o r  VL < 0.47103, and ko = 0.00753 
and kl = 1.60779 f o r  .V2 > 0.47103. The corresponding values of ko 
and kl f o r  the  experimentally approximated case were ko = 0.004805 
and kl = 2.16489 f o r  VL < 0.47103, and ko = 0.009150 and 
kl = 4.12265 fo r  VL > 0.47103. The condition V2 < 0.47103 corre- 
sponds t o  a pos i t ive  pressure di f ference across t h e  wall  and 
VL > 0.47103 corresponds t o  a negative pressure di f ference across the  
wal l .  
The cone-cylinder surface pressures, t he  w a l l  pressures,  t he  w a l l  
flow angle, and the  porosi ty  function K ~ ( X )  a r e  presented axld cornpared 
with t he  corresponding f r ee - f i e ld  values and corresponding values f o r  a 
f i e l d  res t ra ined  by a shock-removing w a l l  with constant porosi ty  i n  
f igures  7 (b ) ,  10(b) ,  9 (b) ,  and 8. It i s  seen i n  f igure  7(b) t h a t  both 
t h e  d i f f e r e n t i a l  s lant-hole w a l l s  reduced the  i n i t i a l  compression i n t e r -  
ference wave but  t h a t  t he  same expansion wave appears a s  was observed 
with t he  constant-porosity shock-removing wall .  The expansion wave i s  
observed t o  be of approximately t he  same s t rength f o r  t he  t heo re t i c a l l y  
matched wall  as f o r  t he  constant-porosity wall  but  i s  much stronger f o r  
the  experimentally approximated wall .  
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These in terference waves can be explained from examination of 
f igure  8. The curve f o r  both t he  t heo re t i c a l l y  matched wal l  and t h e  
experimentally approximated w a l l  agree r a the r  c losely  with t he  curve 
f o r  t he  noninterfering w a l l  up t o  t h e  3.5-inch s ta t ion ,  and therefore  
it may be expected t h a t  the  compression observed i n  the  case of t h e  w a l l  
with constant porosi ty  w i l l  be reduced i n  magnitude. The la rge  expan- 
sion wave observed i n  t he  f i e l d  res t ra ined  by t h e  experimentally approxi- 
mated wall  occurs because t he  pcros i ty  of t h i s  w a l l  i s  appreciably l e s s  
than t he  porosi ty  of the  noninterfering w a l l  between t he  3.75-inch and 
5.0-inch s t a t i ons  ( see  f i g .  8) and therefore  t h e  inflow i s  r e s t r i c t e d  
and a severe expansion wave i s  re f lec ted .  This wave i s  more severe than 
t h e  corresponding wave caused by t h e  t heo re t i c a l l y  matched wal l  because 
t he  difference between t he  porosi ty  of t he  experimentally approximated 
w a l l  and t h a t  of t he  noninterfering w a l l  i s  greater  than t h e  corresponding 
difference f o r  t he  theore t ica l ly  matched w a l l .  
The experimentally approximated wall  does not  give t h e  low in t e r -  
ference i n t e n s i t i e s  reported i n  reference 6. A major port ion of t h e  
difference between t he  r e s u l t s  of reference 6 and those of t h i s  paper 
i s  believed t o  be due t o  a l t e r a t i o n  of t h e  e f f ec t i ve  porosi ty  by t h e  
boundary layer ,  especia l ly  i n  regions of inflow through the  w a l l .  This 
subject  i s  discussed i n  a l a t e r  sect ion.  The in terferences  of r e f e r -  
ence 6 a re  a l so  spread out and not concentrated, because t h e  t e s t s  of 
reference 6 were made i n  a square tunnel  r a the r  than i n  a c i r cu l a r  tun- 
nel .  This reduction of i n t ens i t y  of in terference due t o  tunnel  shape i s  
fur ther  discussed i n  t he  following sect ion.  
Ef fec t s  of varying t he  blockage.- The e f f e c t s  on t he  in terference 
of varying the  blockage ( i . e . ,  t h e  r a t i o  of maximum cross-sectional  a rea  
of t he  model t o  cross-sectional  area  of t he  tunnel) from 1.796 percent t o  
0.57 percent a r e  shown i n  f igures  11 and 12. A value of porosi ty  k t o  
absorb t h e  shock w a s  chosen f o r  each case. Model pressures a r e  shown i n  
f igure  11, and w a l l  pressures a r e  shown i n  f igure  12. 
Analysis of these  f i gu re s  shows t h a t  t he  general  nature of t he  
in terference e f f e c t s  of t he  constant-porosity w a l l  w a s  not changed by 
reducing t h e  blockage. The most prominent e f f ec t  of reducing t he  block- 
age was t o  s h i f t  t h e  locat ion of t he  in terference e f f e c t s  r e l a t i v e l y  
f a r t he r  downstream on t he  model. ( see  f i g .  11.) More important, how- 
ever, i s  t h e  f a c t  t h a t  t h e  i n t ens i t y  of t he  r e f l ec t ed  expansion and 
compression waves at  t h e  pos i t ion  of t h e  model is  but  l i t t l e  reduced by 
reducing t he  blockage. This e f f ec t  may be expected t o  be pecul iar  t o  a 
two-dimensional tunnel  o r  t o  t h e  three-dimensional c i r cu l a r  tunnel  con- 
t a in ing  a body of revolution located on t he  tunnel center l i n e .  
The reason f o r  t h e  small reduction i n  t h e  in terference may be seen 
by examining t he  flow f i e l d  about a disturbance located on t he  tunnel  
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center l i n e  i n  e i ther  a two-dimensional tunnel or a three-dimensional 
c ircular  tunnel. The ef fec ts  of t h i s  disturbance are  transmitted into 
the f i e l d  along the character is t ic  surface originating from the  disturb- 
ance. These ef fec ts  a re  then ref lected by the wall i n to  the stream. I n  
both the two-dimensional and the three-dimensional tunnels, the charac- 
t e r i s t i c  surfaces of the interference disturbances created a t  the wall 
are  reconcentrated on the tunnel center l ine .  In  the two-dimensional 
tunnel the disturbances a t  the wall w i l l  be carried t o  the center with 
no reduction i n  intensity,  so tha t  changing the tunnel height w i l l  cause 
no change i n  the intensi ty  of the interference. A three-dimensional 
tunnel may be expected t o  ac t  i n  a similar fashion except tha t  a s  the 
tunnel radius becomes larger  the disturbance a t  the  wall w i l l  become 
weaker. This effect  i s  compensated by the f a c t  t ha t  the wall disturb- 
ance i s  created over an increasing portion of the wall, so tha t  when the 
en t i re  disturbance i s  reconcentrated on the center the in tens i ty  a t  the 
center w i l l  remain about constant regardless of the  tunnel radius. 
This phenomenon of constant in tens i ty  of the interference waves 
regardless of tunnel dimensions cannot be expected t o  hold fo r  the 
general three-dimensional tunnel, a s  the interference character is t ic  
surfaces which originate at the wall w i l l  not, i n  general, be reconcen- 
t r a t ed  on the center l ine ,  but w i l l  instead be re-reflected between the 
various walls and w i l l  s t r i k e  the model many times with weak disturbances. 
Such disturbances w i l l  be spread more and weakened more a s  the dimensions 
of the tunnel are  increased with respect t o  the model. This spreading 
and weakening of the disturbances i n  a general three-dimensional tunnel 
helps t o  account fo r  the f ac t  t ha t  the in t ens i t i e s  of the disturbances 
reported i n  reference 6 are  l e s s  than those reported herein, a s  the t e s t  
r e su l t s  given i n  tha t  reference involved a cone-cylinder model restrained 
by a tunnel of square cross section. 
Influence of boundary layer on interference of porous walls.-  The 
boundary layer of a tunnel may be considered a s  a region of reduced 
velocity enclosing the flow f i e ld .  Such a region of reduced velocity 
w i l l  contribute a modification t o  the flow i n  the  direction of an open- 
tunnel influence. The extent of the modification i s  dependent on the 
thickness of the boundary layer,  varying from no modification f o r  zero 
thickness t o  an open tunnel f o r  in f in i t e  thickness. 
This analogy shows tha t  the  effect ive porosity of a porous-wall 
tunnel with a boundary layer present should be greater than the actual. 
porosity of the wall when no boundary layer i s  present. Since the 
effect ive porosity i s  dependent on the boundary-layer thickness, it may 
be expected t o  be appreciably higher i n  regions where the a i r  flows in to  
the tunnel, because the incoming a i r  greatly thickens the boundary layer .  
Where the flow through the wall i s  outward, the boundary layer  w i l l  be 
thinner and, as a resu l t ,  the effect ive porosity w i l l  approach ac tua l  
porosity. 
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The changes i n  in terference due t o  these  e f f e c t s  can be f a i r l y  
l a rge .  Reference 5, f o r  example, r epo r t s  t h a t  t h e  inflow through a 
constant-porosity w a l l  w a s  usually too  la rge  and so caused a laxge 
downstream compression fan.  The t heo re t i c a l  ca lcula t ions  of t he  present 
invest igat ion,  however, showed t h a t  i n  t h e  absence of a boundary layer  
t h e  downstream porosi ty  was too  small; as a r e s u l t  t h e  inflow was 
r e s t r i c t e d  and an expansion wave formed. The indicat ions  are ,  then, 
t h a t  t he  boundary layer  i n  t h e  experimental tunnel  of reference 5 th ick-  
ened f o r  t h e  inflow and thereby increased t h e  e f fec t ive  porosi ty  t o  such 
an extent  t h a t  a compression wave resu l ted .  This condition was met i n  
reference 5 by using a d i f f e r e n t i a l  porous wal l  which r e s t r i c t e d  inflow 
more than outflow. The combined e f f ec t  of both  t he  reduced boundary- 
l ayer  thickness and the  reduced w a l l  porosi ty  resu l ted  i n  an e f fec t ive  
porosi ty  near t h a t  required f o r  low-interference proper t ies .  
Estimation of in terference e f f e c t s  of porous-wall tunnels on drag 
coef f ic ien t  and flow angle.- I n  order t o  est imate the  e f f ec t  of t he  
interference,  t he  drag of t h e  cone-cylinder model with a f l a t  base w a s  
calculated by assuming t h a t  t h e  base pressure was equal t o  t he  l o c a l  
pressure on t h e  surface of t he  cylinder a s  given i n  f igure  7 ( a ) .  Fig- 
ure 13 shows t h e  drag-coefficient  values obtained by t h i s  approximation, 
and f igure  14 shows these  values expressed a s  a percentage e r ro r  calcu- 
l a t e d  by t h e  following expression: 
where CD,t  i s  t he  drag coeff ic ient  of t he  model i n  the  tunnel  and 
CD,ff i s  t he  drag coef f ic ien t  of the  model i n  t he  f r e e  f i e l d .  
Examination of f igure  13 shows t h a t  t he  var ia t ions  i n  t he  drag 
coeff ic ient  caused by t h e  various porous w a l l s  a r e  appreciable. This 
point  i s  emphasized i n  f igure  14, which shows t he  percentage of e r ro r  
introduced i n to  t he  drag coef f ic ien t  by t he  in terference of t he  various 
walls .  Figure 14 shows t h a t  t he  percentage e r ro r s  f o r  t he  cases calcu- 
l a t e d  a re  almost in tolerable ,  varying over a range of -40 percent t o  
75 percent.  Even t he  be s t  cases, such a s  t he  constant-porosity w a l l  
s e t  t o  remove t he  shock or  t he  t heo re t i c a l l y  matched wall,  produce e r rors  
which vary from -20 percent t o  25 percent and from 7 percent t o  26 per-  
cent ,  respect ively ,  It does not appear t o  be possible t o  apply a simple 
correction f o r  t h i s  type of in terference.  
The f a c t  t h a t  t he  porous wal ls  produce la rge  increments i n  drag 
because of t h e i r  in terference e f f ec t s  on t he  pressure f i e l d  ind ica tes  
a l so  that these  wal ls  may cause severe in terference e f f e c t s  on t he  flow 
angle i n  regions close t o  t h e  model. The amount of t h i s  in terference 
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i s  shown i n  f igure  15, which presents  t he  increment between the  flow 
angles i n  the  restrained-tunnel  f i e l d s  and i n  t h e  f r e e  f i e l d  a t  a  r a d i a l  
distance of 1 inch from the  model. 
The e r ro r s  observed a r e  appreciable, varying between 1.2' and -1.2' 
f o r  t he  worst case calculated and -0.25O t o  0 . 4 0 ~  f o r  t he  b e s t  case ca l -  
culated.  Errors  i n  t he  flow angle of t he  magnitude shown here could 
cause appreciable changes i n  such p roper t i es  as l i f t  and p i t ch ing  moment 
of a  model i f  a  c r i t i c a l  por t ion of t he  model, such as a con t ro l  surface,  
were located where it would be influenced by the  erroneous f i e l d .  Cor- 
rec t ion  f o r  t he  e f f e c t s  of t h i s  in terference seems a s  complicated as the  
correct ion f o r  t he  drag in terference.  
SUMMARY OF RESULTS 
A t heo re t i c a l  analys is  of the  supersonic flow about two-dimensional 
and three-dimensional models r e s t r i c t e d  by various wal l s  capable of 
removing the  nose shock has shown several  i n t e r e s t i ng  f ea tu r e s  of t he  
in terference caused by such wal ls .  
1. A study of nonreflect ing w a l l s  f o r  both t he  two-dimensional and 
three-dimensional cases suggested t he  p o s s i b i l i t y  t h a t ,  unless  t h e  w a l l  
was bound t o  a  f r e e - f i e l d  property o r  at l e a s t  a free-stream property, 
very severe in terference e f f e c t s  could be created by the  w a l l .  
2.  The noninterfering condition was shown t o  be  f a r  more s t r ingen t  
then the  nonreflect ing condition. The noninterfer ing w a l l  w a s  found t o  
require  a  spec ia l  d i s t r i bu t i on  of t h e  wal l  p roper t i es  which, f o r  most 
p r a c t i c a l  cases, a r e  d i f fe ren t  f o r  every d i f f e r en t  t e s t  condition. The 
design of t he  spec ia l  d i s t r i bu t i on  of w a l l  p roper t i es  was shown t o  
require  a  knowledge of the  f r e e  f i e l d .  
3. The i n t ens i t y  of in terference due t o  the  w a l l  w a s  found t o  be 
dependent on the  di f ference between t h e  porosi ty  of t h e  ac tua l  w a l l  and 
t he  porosi ty  of t he  noninterfering porous w a l l .  Also, t he  i n t ens i t y  of 
in terference was found t o  be sens i t ive  t o  the  tunnel  shape, with indica- 
t i o n  t ha t  it would be impractical  t o  make a  c i r cu l a r  tunnel  in te r fe rence  
f r ee .  
4. The most prominent e f f e c t  of decreasing t he  blockage ( t he  r a t i o  
of the  model cross-sectional  area  t o  the  tunnel  cross-sectional  area) 
was t o  move the  locat ion of the  in terference waves r e l a t i v e l y  f a r t h e r  
downstream on t he  model. The i n t ens i t y  of these  waves w a s  but  l i t t l e  
reduced with the  reduction i n  blockage, an e f f ec t  cha r ac t e r i s t i c  of the  
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three-dimensional c i r cu l a r  tunnel .  This e f f ec t  i s  not expected t o  hold 
i n  noncircular tunnels.  
5 .  The e f f e c t s  of t he  boundary layer  i n  regions where t h e  flow was 
inward were found t o  be so serious t h a t  t he  conclusions indicated by 
theory concerning t he  be s t  porous w a l l  conditions f o r  inflow through 
t h e  w a l l  were rendered wrong. The indicat ions  were t h a t  the  e f fec t ive  
porosi ty  over t h e  inflow region of t h e  w a l l  i s  a combination of the  
ac tua l  porosi ty  of t he  w a l l  and an e f fec t ive  increase i n  t he  porosi ty  
due t o  t he  thickened boundary layer .  
6. Posi t ive  or  negative in terference increments were found t o  occur 
f o r  such model p roper t i es  a s  drag, l i f t ,  p i tching moment, and so fo r th ,  
depending upon t h e  type of wave t h a t  would s t r i k e  c r i t i c a l  port ions of 
t he  model. 
7. Supersonic in terference e f f e c t s  cannot be expressed a s  a simple 
increment such a s  i s  used f o r  subsonic blockage correction.  The i n t e r -  
ference i s ,  r a ther ,  a complicated function of Mach number, wall  porosity,  
and tunnel and model configurations. 
8. No simple solut ion t o  t h e  problem of in terference at low super- 
sonic speeds appears possible,  nor does it appear p r a c t i c a l  completely 
-Lo eliminate t he  in terference i n  any case. 
9. In  t he  two-dimensional case, a uniform-porosity wal l  could be 
designed f o r  small in terference with a pa:rticular model and at a par t i cu-  
lar Mach number, but  t he  in terference would become appreciable f o r  o f f -  
design condit ions,  
10.  I n  t he  three-dimensional ax i a l l y  symmetric case, t he  porosi ty  
d i s t r i bu t i on  required f o r  el imination of t he  in terference i s  too com- 
p l i c a t ed  f o r  p r a c t i c a l  r e a l i z a t i on .  On the  other hand, t h e  required 
d i s t r i bu t i on  can be roughly approximated by a d i f f e r e n t i a l  porous wall  
and the  res idua l  in terference can be made l e s s  evident by use of some 
t e s t  sect ion shape, such a s  t he  square, which serves t o  spread out t h e  
disturbances due t o  t he  in terference.  
11.  The design of a porous- or  perforated-wall tunnel  with small 
in terference i s  complicated by t he  f a c t  t h a t  t he  porosi ty  d i s t r i bu t i on  
required f o r  t he  el imination of t he  in terference i s  known only from the  
f r e e  f i e l d  and by t h e  f a c t  t h a t  t he  e f fec t ive  porosi ty  i s  la rge ly  in f lu -  
enced by t he  boundary layer ,  pa r t i cu l a r l y  i n  regions of inflow. 
Lsngley Aeronautical Laboratory, 
N a t  Tonal Advisory Committee f o r  Aeronautics, 
Langley Fie ld ,  Va . , Feb . 12, 1958. 
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0 Con~cal-shock wall 
Distance from nose of model, in. 
Figure 6. - Pressure coefficients on the surf ace of the cone-cylinder 
model due to restraint of the flow by various nonreflecting walls 
M, = 1.194; blockage, 1.796 percent. 
I 
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Distance from nose of model, in. 
(a) Constant-porosity walls. 
Figure 7.-  Pressure coefficients on the surface of the cone-cylinder 
model due to restraint of the flow by various porous walls.. 
M, = 1.194; blockage, 1.796 percent. 
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( b ) Slant -hole w a l l s .  
Figure 7.- Concluded. 
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o Nonlnterferlng wall 
o Porous wall, shock removed, K I  =K, 
0 Dlf ferentlal- porous wall 
Theoretically matched wall 
[7 Experlrnentally approximated wall 
b Over-porous wall, K l=1.5Ks 
I 
-.I 
-.2 - 
-. 3 " 
------------- 
0 I 2 3 4 5 6 7 8 9 10 I I 12 
D~stance from nose o f  model, in. 
Figure 8.- The p o r o s i t y  f a c t o r  f o r  va r ious  walls. 
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Distance from nose of model, in. 
Figure 11.- Variation of the pressure coefficient on the surface of a 
cone-cylinder model due to changing the blockage of a shock-removing 
constant-porosity wall. 
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